Light-induced FTIR difference spectroscopy of the S2-to-S3 state transition of the oxygen-evolving complex in Photosystem II  by Chu, Hsiu-An et al.
Light-induced FTIR di¡erence spectroscopy of the S2-to-S3 state
transition of the oxygen-evolving complex in Photosystem II
Hsiu-An Chu, Warwick Hillier, Neil A. Law, Heather Sackett, Shannon Haymond,
Gerald T. Babcock *
Department of Chemistry, Michigan State University, East Lansing, MI 48824, USA
Abstract
We have applied flash-induced FTIR spectroscopy to study structural changes upon the S2-to-S3 state transition of the
oxygen-evolving complex (OEC) in Photosystem II (PSII). We found that several modes in the difference IR spectrum are
associated with bond rearrangements induced by the second laser flash. Most of these IR modes are absent in spectra of
S2/S1, of the acceptor-side non-heme ion, of YcD/YD and of S3P/S2P from Ca-depleted PSII preparations. Our results suggest
that these IR modes most likely originate from structural changes in the oxygen-evolving complex itself upon the S2-to-S3
state transition in PSII. ß 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction
Photosynthetic water oxidization occurs in the
oxygen-evolving complex (OEC) that is located on
the donor-side of PSII [1]. The OEC consists of a
tetranuclear Mn cluster, one Ca ion, possibly several
Cl ions, and a redox active tyrosine YZ with its as-
sociated, hydrogen-bonded histidine (D1H190). The
water oxidation reaction goes through a cycle of ¢ve
‘Sn-state’ intermediates (n = 0^4, n representing the
storage of the oxidizing equivalents in the OEC)
[2,3]. When the S4 state is reached, O2 is released
and S0 is regenerated. As a high-resolution X-ray
structure of Photosystem II (PS II) is not available,
structural information on the PS II/OEC has come
mainly from spectroscopic studies.
Light-induced Fourier transform infrared (FTIR)
di¡erence spectroscopy has been applied successfully
to study the PS II/OEC. However, up to now, almost
all FTIR studies have focused only on the readily
accessible di¡erence between the S1 and S2 states.
The S1 state is dark stable and S2 can be reached
by 200 K illumination or by a single turnover £ash
in the presence of electron acceptors, such as ferri-
cyanide. Using these techniques, Noguchi and co-
workers ¢rst reported the FTIR spectra of S2Q3A/
S1QA and S2/S1 in the mid-IR region (2000^1000
cm31) [4,5]. These spectra were later reproduced by
several other research groups [6,7]. Several IR modes
in the S2/S1 spectra have been assigned to carboxy-
late, histidine, and tyrosine residues that undergo
bond rearrangements upon the S1-to-S2 transition
[5,8^10]. In addition, the ¢rst low-frequency S2/S1
spectra (1000^350 cm31) of the PS II/OEC have
been recently reported by our group [7,11]. The
structural changes beyond the S2 state of the active
OEC, however, have not been reported by FTIR. In
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this communication, we present our results on the
S3/S2 FTIR di¡erence spectrum of the OEC.
2. Material and methods
PS II OTG (Octyl-L-D-thioglucopyranoside) cores,
retaining all the three extrinsic polypeptides, were
prepared from PS II BBY membranes as described
in [12]. Typical oxygen evolution rates for our PS II
OTG cores were about 1400 Wmol of O2/mg of Chl
per hour [7]. Tris-washed PS II samples were pre-
pared from oxygen-evolving PS II OTG cores as de-
scribed in [7]. For YcD/YD measurements, Tris-
washed samples were incubated with 1 M sodium
formate for 2 h on ice and then washed twice with
FTIR bu¡er (150 mM sucrose, 5 mM Mes (pH 6.0),
5 mM NaCl, 5 mM CaCl2) with 100 mM sodium
formate. This formate treatment served to increase
the midpoint potential of the non-heme iron and
prevents preoxidation induced by ferricyanide [13].
FTIR experimental conditions were the same as
described in Ref. [7]. An aliquot of PS II sample
(about 30 Wg of chlorophyll) from a stock suspension
(3^5 mg/ml) in the FTIR bu¡er in the presence of 18
mM ferro-/2 mM ferricyanide or 19 mM ferri-/1 mM
ferrocyanide (for YcD/YD measurement) was depos-
ited on a AgCl sample window and then dried under
a stream of dry nitrogen gas at 4‡C. FTIR experi-
ments were performed on a Nicolet 740 spectrometer
with a KBr beamsplitter and a mid-range or a wide-
band MCT B detector. Samples were cooled to 250 K
by using a home-built liquid nitrogen cryostat [14]
and the sample temperature was controlled to
þ 0.1‡C with a temperature controller (LakeShore
321). Samples were illuminated by one or two single
£ash(es) from a frequency-doubled Nd:YAG laser
(Quanta-Ray DCR-11) (532 nm, V7 ns, V30 mJ/
pulse cm2). The interval between the two £ashes was
about 2 s. The di¡erence spectra (500 interferograms,
duration about 150 s) were obtained by ratioing
spectra obtained before illumination with those after
illumination. Multiple spectra (4^14) were averaged
to improve the signal/noise ratio of the resulting dif-
ference spectrum.
3. Results
Fig. 1 shows the FTIR di¡erence spectra obtained
from partially dehydrated, O2-evolving OTG RCCs
induced by one £ash (solid line) and by two £ashes
(dotted line) at 250 K in the presence of 9:1 ferro/
ferricyanide. Under these conditions, there are no
Fig. 1. One-£ash- (solid line, 6500 scans) and two-£ash- (dotted line, 7000 scans) induced FTIR di¡erence spectra of partially dehy-
drated, O2-evolving spinach PS II OTG RCCs at 250 K. Samples were in the presence of 9:1 ferro/ferricyanide. The one-£ash spec-
trum is normalized by multiplying by a factor of 1.1 as described in the text. All spectra were collected at 4 cm31 resolution.
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detectable contributions from either chlorophyll or
acceptor-side quinone molecules [5,7]. The spectrum
induced by one £ash in Fig. 1 reproduced the S2/S1
spectrum of hydrated BBY membranes reported by
Noguchi and coworkers [5]. For example, the posi-
tive band at 1364 cm31 and the negative band at
1404 cm31 have been assigned to be the symmetric
stretching modes of a carboxylate residue shifted
upon S1 to S2. The two-£ash spectrum in Fig. 1
contains S3/S1 and also some contribution from S2/
S1 due to the miss parameter. To obtain the S3/S2
spectrum, we normalized the one-£ash spectrum by
multiplying the original one-£ash spectrum 1.1-fold
(to match the intensity of the S2 modes at 1364,
1436, 1530 and 1586 cm31 in the two-£ash spectrum)
(see Fig. 1) and subtracted this from the two-£ash
spectrum. The resulting spectrum, shown in Fig. 2 as
the S3/S2 spectrum, should then contain, in principle,
very little contribution from S2/S1 modes. Indeed, the
IR modes in the S3/S2 spectrum, e.g., the positive
bands at 1507 and 1445 cm31 and the negative bands
at 1417, 1399 and 1355 cm31, are clearly di¡erent
from modes observed in the S2/S1 spectrum. In addi-
tion, an intense positive band at 2038 cm31, the CN
stretching mode of ferrocyanide, was present in one-
£ash (about 4.4U1034 vA) and two-£ash spectra
(about 7.8U1034 vA) in Fig. 1 (data not shown).
The appearance of the ferrocyanide mode in the
di¡erence spectra indicates that ferricyanide accepts
an electron from Q3A to become reduced after each
£ash.
An alternative possibility is that the oxidizing
equivalents generated by the second £ash might re-
side on redox components in PS II other than the
OEC. However, we think this situation is unlikely as
the S3/S2 spectrum is signi¢cantly di¡erent from the
spectra of Mn depleted or Ca-depleted PS II samples.
Fig. 3A shows the £ash-induced FTIR di¡erence
spectra obtained from Mn-depleted OTG RCCs at
250 K. The intense positive bands at 1339 and
1258 cm31 and a negative band at 1227 cm31 have
been assigned to bicarbonate modes associated with
the photo-reduction of the acceptor-side non-heme
iron in PS II [13,15]. These bicarbonate modes are
clearly absent in the S3/S2 spectrum. Fig. 3B shows
the YcD/YD spectrum obtained from formate-treated,
Mn-depleted OTG RCCs at 250K [16]. The S3/S2
spectrum is signi¢cantly di¡erent from the YcD/YD
spectrum (see Fig. 3B, C and [16]). For example,
the positive bands at 1630 and 1553 cm31 and the
negative band at 1252 cm31 in the YcD/YD spectrum
are not apparent in the S3/S2 spectrum.
Fig. 2. S2/S1 (top spectrum) and S3/S2 (bottom spectrum) spectra of partially dehydrated O2-evolving samples at 250 K. The S2/S1
spectrum is same as the one-£ash spectrum in Fig. 1 but without normalization. The S3/S2 spectrum is generated by subtracting the
normalized one-£ash spectrum from the two-£ash spectrum in Fig. 1 (see text).
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4. Discussion
By two-£ash FTIR experiments, we have identi¢ed
several new IR modes that are most likely associated
with structural change upon the S2-to-S3 state tran-
sition of the PS II/OEC (Fig. 2). The S3/S2 spectrum
exhibits several di¡erences when compared with the
S2/S1 spectrum (see Fig. 2). Our results suggest that
the PS II/OEC undergoes signi¢cantly di¡erent bond
rearrangements upon the S2-to-S3 and the S1-to-S2
transitions. This is an interesting ¢nding in light of
recent EXAFS studies that indicate that Mn^Mn dis-
tances in the OEC may undergo signi¢cantly larger
changes upon S2 to S3 than upon S1 to S2 [18]. How-
ever, based on the intensity of the amide modes and
on the general features in our S3/S2 and S2/S1 spec-
tra, our results may not necessarily correlate with the
EXAFS results. To further investigate this question,
we have obtained the S3/S2 spectrum in the low-fre-
quency region (6 1000 cm31) where vibrations of di-
W-oxo-bridged Mn dimers appear. Our preliminary
results show some apparent changes in the low-fre-
quency S3/S2 spectrum that might indeed account for
the structural changes of the Mn2 di-W-oxo core re-
ported by EXAFS studies [18].
In addition, the S3/S2 spectrum, which has a pos-
itive band at 1445 cm31 and a negative band at 1399
cm31 (see Fig. 2, bottom), shows a resemblance to
the S3P/S2P spectrum from the Ca-depleted samples,
which has a positive band at 1447 cm31 and a neg-
ative band at 1402 cm31 [17]. However, the rest of
the IR modes in the Ca-depleted S3P/S2P spectrum,
including possible tyrosine modes at 1514, 1260 and
1250 cm31 [17], are not apparent in our S3/S2 spec-
trum. Our results suggest that there might be some
structural similarities between the native S3/S2 and
Ca-depleted S3P/S2P states of OEC, but that the na-
tive S3 state of OEC is unlikely to be the ‘S2YcZ like’
state observed in Ca-depleted or Cl3-depleted sam-
ples.
Currently, we are in the process of identifying the
origins of these S3/S2 modes by combining isotopic
labeling, site-directed mutagenesis and model com-
pound studies. We are also in the process of improv-
ing our experimental conditions so that we can ob-
serve the period 4 oscillations in the PS II/OEC by
mid- and low-frequency FTIR.
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